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We study, theoretically and experimentally, electromagnetically induced transparency (EIT) in
two different solid-state systems. Unlike many implementations in homogeneously broadened media,
these systems exhibit inhomogeneous broadening of their optical and spin transitions typical of solid-
state materials. We observe EIT lineshapes typical of atomic gases, including a crossover into the
regime of Autler-Townes splitting, but with the substitution of the inhomogeneous widths for the
homogeneous widths. We obtain quantitative agreement between experiment and theory for the
width of the transparency feature over a range of optical powers and inhomogeneous linewidths. We
discuss regimes over which analytical and numerical treatments capture the behavior. As solid-state
systems become increasingly important for scalable and integratable quantum optical and photonic
devices, it is vital to understand the effects of the inhomogeneous broadening that is ubiquitous in
these systems. The treatment presented here can be applied to a variety of systems, as exemplified
by the common scaling of experimental results from two different systems.
I. INTRODUCTION
Coherent processes in atomic ensembles are the ba-
sis for many implementations of quantum memory, co-
herent control of atomic populations, and mediation of
interactions between optical fields [1]. Electromagnet-
ically induced transparency (EIT) is a classic example
of such a process with applications including slow and
stopped light [2, 3], atomic-based field sensing [4, 5], las-
ing without inversion [6, 7], and optical quantum memory
[8, 9]. Most studies of EIT and other coherent processes
in atomic ensembles have been conducted in gaseous me-
dia over a range of temperatures from ultracold quan-
tum gases to heated vapor cells [1, 10], while a rela-
tively smaller effort has been made in solid-state media
[2, 3, 11, 12]. In fact, it was originally thought EIT would
be impossible in solids [13]. However, solid-state sys-
tems offer benefits for quantum optical processes includ-
ing higher densities, freedom from motional dephasing,
and the possibility of integrated photonics approaches
[14]. The density of emitters in a solid can be as large
as 1022 cm−3 while retaining atom-like optical properties
[15]. Solid-state ensembles of rare-earth atoms, in partic-
ular, are a promising platform for quantum memory and
other applications due to their long spin coherence times
[16].
A major difference between solid-state systems and
atomic gas systems is the static inhomogeneity of both
the optical and spin transitions common in solid-state
ensembles due to variations in the local electric field at
each emitter location. Some of this variation is from
strain due to material defects and imperfections, but even
with high-purity materials, the inhomogeneous linewidth
of the optical transition for an ensemble of solid-state
emitters is often orders of magnitude larger than the ho-
mogeneous linewidth each emitter. This inhomogeneity
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has potential benefits, particularly for the possibility of
spectral multiplexing [17], but it also complicates coher-
ent processes like EIT. To date, most studies of the effect
of inhomogeneity on EIT and other quantum optical pro-
cesses have focused on Doppler broadened gases [18–20].
But inhomogeneously broadened solids present a different
situation where motional effects are not present and the
coherence time is not limited by transit time broadening
[21].
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FIG. 1. (a) Energy level diagram for a Λ-system. The weak
probe field is detuned from the |1〉 → |3〉 transition by ∆. The
strong coupling field on the |2〉 → |3〉 transition has Rabi fre-
quency Ω and the difference between the probe and coupling
detunings, the two-photon detuning, is denoted by δ. The
optical and spin transitions are inhomogeneously broadened
with widths denoted by σopt and σspin, respectively. (b) En-
ergy level diagrams for Eu:YSO and Pr:YSO. The three states
that make up the Λ-system in each case are labeled, as is the
transition used for repumping during spectral hole-burning.
We report results of Λ-type EIT in two rare-earth
doped solids, yttrium orthosilicate doped with europium
(Eu:YSO) and with praseodymium (Pr:YSO) [22]. We
use spectral hole-burning techniques to control the op-
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2tical inhomogeneous linewidth [23, 24]. We note that
while the homogeneous optical linewidth is much larger
in Pr:YSO than Eu:YSO, we observe a large parameter
range for both systems over which the EIT width depends
only on the control Rabi frequency Ω and the optical in-
homogeneous width σopt. These results quantitatively
agree with a theoretical treatment of the system, sug-
gesting that a large class of inhomogeneously broadened
systems exhibit EIT that does not depend on the single-
atom properties of the individual emitters, but only on
the properties of the ensemble as a whole.
II. SIMPLE THEORETICAL TREATMENT
Consider the Λ-type energy level scheme depicted in
Fig. 1(a). The transitions from two long-lived ground
states, |1〉 and |2〉, to a single excited state, |3〉, are ad-
dressed optically with a weak probe field and a strong
coupling field, respectively. In many solid-state systems,
variations in the local electric field environment cause
different emitters to have slightly shifted transition en-
ergies. In rare-earth-doped solids, both the optical elec-
tronic transition and the ground hyperfine transition are
inhomogeneously broadened by this effect.
We are interested in the transmission of the probe field
as a function of detuning for various values of the cou-
pling Rabi frequency Ω and the inhomogeneous widths
of the optical and spin transitions σopt and σspin, re-
spectively. In a typical homogeneously broadened system
(where decay rate, including dephasing, on the |i〉 → |j〉
transition is denoted γij), we can use density matrix for-
malism to find the susceptibility χ for the probe field,
which is proportional to the density matrix element de-
noting the coherence on the probe transition [1]:
χ ∝ 2iγ21 + 4δ
Ω2 + (γ21 − 2iδ)(γ31 − 2i∆) (1)
where parameter definitions can be found in Fig 1(a) and
its caption. For a resonant control field (δ = ∆), this
expression for the susceptibility exhibits two important
features. First, the imaginary part (which is proportional
to the absorption of the probe field) has a transparency
window around the two-photon resonance (δ = 0) whose
width can be smaller than the natural linewidth of the
probe transition (γ31). Second, the real part (which de-
scribes the dispersion of the medium) has a sharp slope
around the two-photon resonance that leads to signifi-
cantly reduced probe group velocity. The appearance of
a narrow transparency window and slowing of light are
the hallmarks of EIT [4].
We now consider an inhomogeneously broadened en-
semble, which can be thought of as a collection of ho-
mogeneously broadened ensembles, each with some shift
of its transition energy. The shift of the spin transition
energy, δs, affects the two-photon detuning, δ, but not
the probe detuning and the shift of the optical transition
energy, δo, affects the probe detuning, ∆, but not the
two-photon detuning. Thus, δ → δ − δs and ∆→ δ − δo
(where we assume the control field is centered on the
optical inhomogeneous line). The susceptibility of the
inhomogeneous system (denoted χ˜) is the homogeneous
susceptibility integrated over the inhomogeneous profiles
Po(δo) and Ps(δs).
χ ∝ 2iγ21 + 4(δ − δs)
Ω2 + (γ21 − 2i(δ − δs))(γ31 − 2i(δ − δo))
χ˜(δ) ∝
∫∫
Po(δo)Ps(δs)χ(δ, δo, δs)dδodδs
(2)
By inspection, we see that the expression for χ˜ can be in-
tegrated analytically if we assume Lorentzian inhomoge-
neous profiles with full widths at half maximum (FWHM)
σopt and σspin. This results in a familiar expression for
the probe susceptibility in the inhomogeneously broad-
ened system:
χ˜(δ) ∝ 2i(γ21 + σspin) + 4δ
Ω2 + ((γ21 + σspin)− 2iδ)((γ31 + σopt)− 2iδ) .
(3)
This is the same expression as for the susceptibility of
the homogeneously broadened system with the replace-
ments γ21 → γ21 + σspin and γ31 → γ31 + σopt. In
the limit of inhomogeneous linewidths much larger than
their homogeneous counterparts, we have simply replaced
the homogeneous values with the inhomogeneous val-
ues. This means that we can use all of our intuition
and understanding of EIT in homogeneously broadened
systems, including scaling of the bandwidth, group ve-
locity, and visibility, and the crossover from an EIT-like
regime where the transparency window is narrower than
the optical linewidth, to an Autler-Townes-like regime
where the absorption feature is split into two features
separated by more than their widths [25]. We discuss
later the effect on the susceptibility of deviation from a
Lorentzian inhomogeneous profile.
To compare with experiment, we extract an expression
for the FWHM of the EIT feature, ΓEIT. We find that
the width depends only on Ω, σopt, and σspin in the limit
of large inhomogeneous widths (σ  γ). Furthermore,
we expand to first order in σspin, which is smaller than
the other relevant quantities in our systems.
ΓEIT =
√
σ2opt + 4Ω
2 − σopt
2
1 + σspin(σ2opt − Ω2)
Ω2
√
σ2opt + 4Ω
2

ΓEIT ≈ Ω
2
σopt
+ σspin for Ω σopt
ΓEIT ≈ Ω− σopt + σspin
2
for Ω σopt
(4)
We recover the well-known narrowing of the EIT in the
presence of inhomogeneous broadening [21, 26]. We fur-
ther recover two distinct regimes where the width scales
3as the square of the Rabi frequency (Ω  σopt, EIT
regime) and linearly with the Rabi frequency (Ω σopt,
Autler-Townes regime) [25]. Consider a value of Ω in the
Autler-Townes regime for a homogeneously broadened
system (Ω γ31), but far from such a regime in the inho-
mogeneously broadened system (Ω σopt). Rather than
two absorption peaks split by ≈ Ω, the inhomogeneous
system exhibits a transparency window that resembles a
homogeneously broadened system in the EIT regime with
linewidth σopt (and is thus narrower than the naively ex-
pected width of Ω by a factor of ≈ Ω/σopt  1). Reach-
ing the regime with two well-separated absorption peaks
requires Ω  σopt. This limit is difficult to reach in
many Doppler-broadened gases, but we see clear Autler-
Townes behavior in our rare-earth doped crystals with
controllable inhomogeneous broadening (see Fig. 3 (b)).
III. EXPERIMENTAL SETUP
We investigate EIT in two different cryogenically
cooled rare-earth-doped solids. These are a 0.01% doped
Eu3+ : Y2SiO5 crystal (Eu:YSO) and a 0.05% doped
Pr3+ : Y2SiO5 crystal (Pr:YSO), each held at ≈ 4 K
in a closed-cycle cryostat and addressed by its own fre-
quency doubled diode laser on the 7F0 → 5D0 transition
at 580 nm for Eu:YSO and the 3H4 → 1D2 transition
at 606 nm for Pr:YSO (Fig. 1(b)). Each diode laser is
frequency stabilized to a reference cavity and the laser
linewidths are < 4 kHz and < 1 kHz for the Eu:YSO
and Pr:YSO transitions, respectively. We note that non-
zero laser linewidth has the same effect on EIT as spin
inhomogeneity, so σspin is the sum of the laser linewidth
and the intrinsic spin inhomogeneous width [27]. For
each rare-earth-doped crystal, the probe and coupling
fields are derived from the same laser and given a rela-
tive frequency shift with acousto-optic modulators in a
double-pass configuration. The probe and coupling fields
intersect in the crystal at an angle of <2◦ that allows the
≈ 0.5 mm diameter fields to overlap for the entire 10 mm
length of the crystal. The probe field is scanned in fre-
quency over two-photon resonance at a rate slow enough
to avoid coherent oscillations [28] and the transmitted
intensity is recorded as a function of time, which is then
converted to frequency.
The two systems differ primarily in the strength of
the optical transition, which is substantially weaker and
longer-lived in Eu:YSO compared to Pr:YSO. As a result,
the parameter regimes we can access allow extremely nar-
row EIT in Eu:YSO and clear Autler-Townes-type be-
havior in Pr:YSO. Furthermore, coherent transients in
the EIT are more apparent in Eu:YSO, which may be
useful for EIT based-sensing or other applications [28].
The Rabi frequency of the control field is calibrated
from the frequency of the observed optical nutation when
the medium is suddenly illuminated by the control field
[29]. The optical inhomogeneous width is determined
from the absorption of the weak probe as a function of
detuning in the absence of the coupling field (see below
for more details on controlling the optical inhomogene-
ity). The spin inhomogeneous width is an uncontrolled,
fixed value that is due to disorder in the crystal.
IV. SPECTRAL HOLE BURNING
To study the role of optical inhomogeneous broadening
in EIT we work in a regime where σopt and Ω are similar
in value and larger than the uncontrolled σspin because
the EIT visibility drops precipitously for Ω2/σopt < σspin
[21]. The optical inhomogeneous linewidth of the entire
ensemble is ≈ 107 times larger than the homogeneous
linewidth of the atoms. This broadening is also larger
than the hyperfine splittings, which means that some
selection of a subensemble of atoms is required to ob-
serve coherent effects involving the spin states. We use
spectral hole burning techniques to select a subensem-
ble of atoms within a much narrower spectral region and
pump atoms nearby in the inhomogeneous profile to the
non-participating ground hyperfine level [23, 24]. This
technique allows inhomogeneous widths larger than the
laser linewidth (integrated over the ≈ ms optical pump-
ing time) and smaller than the hyperfine splittings. In
practice, we generate subensembles with spectral widths
102 to 104 times the homogeneous linewidth of the atoms.
We use a multi-step spectral hole-burning sequence to
prepare a sub-ensemble of atoms in a particular frequency
class and ground hyperfine state, while pumping atoms in
other nearby frequency classes to ground states such that
they are far from resonance with the probe and control
fields [23, 24]. An example hole-burned absorption profile
is shown in Fig. 2.
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FIG. 2. Transmission of a weak probe (with no coupling
field) as a function of frequency near zero detuning follow-
ing state preparation. Energy level structures for chosen fre-
quency class plus three other classes shown with probe (thin
arrow) and coupling (thick arrow) fields for reference.
Both Pr:YSO and Eu:YSO have electron spin-singlet
ground and excited states that are split into three dou-
bly degenerate nuclear hyperfine states in zero magnetic
4field with splittings in the range of ≈5 MHz to 100 MHz.
Praseodymium has a single naturally occurring isotope
while europium has two isotopes that occur naturally in
approximately the same abundance and have different
hyperfine structures. All ground to excited transitions
are allowed with varying transition strengths in both sys-
tems and all fields are linearly polarized along the crys-
tallographic axis that maximizes the light-matter inter-
action [22]. The existence of a third metastable ground
state is important as it acts as an auxiliary state where
unwanted population can be shelved to allow coherent
processes on the other two states. In both Eu:YSO and
Pr:YSO, we use the upper two ground states for EIT and
the lowest as the auxiliary state.
The large inhomogeneous broadening of the full ensem-
ble means that at any optical frequency within the inho-
mogeneous bandwidth there are atoms in nine different
frequency classes resonant on each of the nine different
transitions. (In the natural abundance europium used
here, there are an additional nine frequency classes of
the other isotope resonant on its nine transitions). The
first step in the hole burning procedure is selecting a sin-
gle frequency class of interest by applying three fields at
frequencies such that the chosen frequency class is res-
onant with all three fields on transitions from each of
the ground states. All other frequency classes can be
resonant with at most two of the fields and will be opti-
cally pumped out of the ground state(s) with a resonance
that matches a resonance of the chosen frequency class.
We sweep these fields over a range much larger than the
ultimate desired subensemble to prepare a transparent
background. We then empty out the two ground states
that make up the Λ system by turning off the third field
that is at neither the probe or control frequency. Fi-
nally, we repopulate a narrow spectral region in |1〉 with
a single frequency repump field (while keeping the field
at the control frequency on to prevent population build
up in |2〉. An example trace of the transmission of a weak
probe measuring the final absorption profile is shown in
Fig. 2.
We generate the absorbing feature by illuminating the
sample with a repump field for a variable amount of
time. The width of the feature is set primarily by the
amount of laser noise in the repump time. With this
method we vary the width of the repumped subensemble
from . 300 kHz to & 2 MHz in both systems. We do
not generate wider absorbing features to ensure that the
probe transmission is dominated by atoms in the absorb-
ing feature rather than atoms outside the transparency
window burned around the probe frequency. In Eu:YSO,
the transparency window is limited to ≈ 5 MHz by the
level structure and in Pr:YSO we create a single trans-
parency window that covers both the probe and control
frequencies, which leaves the absorbing feature ≈ 3 MHz
from the edge of the window.
V. EXPERIMENTAL RESULTS
We measure the EIT width over a range of both optical
inhomogeneous widths (σopt) and control Rabi frequen-
cies (Ω) in both the Eu:YSO and Pr:YSO systems. With
the control field centered on the hole-burned feature, the
probe field is scanned in frequency across the two-photon
resonance. The probe transmission is recorded as a func-
tion of time and converted to transmission as a function
of frequency. We note that coherent effects on the probe
transmission limit the speed of the frequency scan, par-
ticularly in Eu:YSO, where the optical transition has a
coherence time > 1 ms.
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FIG. 3. Example measured EIT spectra (black lines) in (a)
Eu:YSO and (b) Pr:YSO. The shaded area is the hole-burned
feature. The optical inhomogeneous width and measured EIT
linewidth are noted on each figure.
The available laser power for each system allows us
to study EIT for Eu:YSO only for Ω  σopt, while in
Pr:YSO we can reach Ω & σopt. For Ω  σopt, the
shape of the EIT transmission peak is approximately
Lorentzian and its width can be extracted by fitting.
Outside this regime, the overall absorption appears as
two separated peaks and we extract the FWHM with-
out fitting any particular shape to the feature. Figure 3
shows typical EIT features in two different parameter
regimes. For Ω  σopt the EIT window is at the center
of the hole-burned absorbing feature, while for Ω ∼ σopt
the absorbing feature appears split by the control field as
typical of Autler-Townes splitting. We note that at the
largest EIT widths we observe a small absorption peak
at zero detuning (not shown). This can be attributed
to atoms in frequency classes outside the spectral hole
burned region. We confirm this effect by performing the
integration in Eq. 2 numerically, with Po(δo) that in-
cludes an absorbing feature at the center of a hole-burned
trench with a broad inhomogenous ensemble outside.
The measured width of the transparency window is
plotted against the expected value 12 (
√
σ2opt + 4Ω
2−σopt)
5in Fig. 4. We have ignored the term in the expected value
that depends on the spin inhomogeneity (Eq. 4), which
matters only for the smallest Rabi frequencies studied
and accounts for the deviation of the data from the unit
slope line at small values. The value of the spin inhomo-
geneity for each system is noted in Fig. 4 with dashed
horizontal lines. The Eu:YSO value of 4 kHz is similar to
the measured laser linewidth, suggesting that the intrin-
sic spin inhomogeneity is smaller than previously mea-
sured valuein a similar sample [30]. The Pr:YSO value
of 40 kHz is inferred to be the intrinsic spin inhomoge-
neous width as it is much larger than the measured laser
linewidth and consistent with previously measured val-
ues [31]. We observe that the data from the two different
systems follows the same scaling law that depends only
on the control field Rabi frequency and optical inhomoge-
neous width. The single atom properties of each system,
namely the homogeneous linewidth, does not affect the
EIT linewidth. Thus, properties like the optical lifetime
and coherence time are independent of the bulk ensemble
response to the probe and coupling fields.
1
2
𝜎opt
2+ 4 Ω2− 𝜎opt (kHz)
Eu spin inhomogeneous linewidth
Pr spin inhomogeneous linewidth
FIG. 4. Measured vs. theoretical EIT width for Eu:YSO
(solid markers) and Pr:YSO (hollow markers) at different
Rabi frequencies and optical inhomogeneous widths. Opti-
cal inhomogeneous widths are as indicated. Solid line is the
unit slope. The spin inhomogeneity in each system (horizon-
tal dashed lines).
VI. NON-LORENTZIAN INHOMOGENEOUS
PROFILES
Most real systems do not exhibit the Lorentzian inho-
mogeneous profile we assumed in section II. In Doppler
broadened gases the optical inhomogeneity is Gaussian,
and the spectral hole-burned features here have a range of
shapes depending on the specific implementation. In this
work, we extract the FWHM of the hole-burned spectral
features without assuming any particular shape. Thus,
it is important to consider the validity of our theoretical
treatment for non-Lorentzian lineshapes.
The integral in Eq. 2 cannot in general be calcu-
lated analytically for inhomogeneous profiles with non-
Lorentzian distributions. In order to gain an understand-
ing of the role of the distribution shape, we perform nu-
meric integration over Gaussian and flat-top profiles for a
range of parameters to obtain χ˜(δ). We then extract the
FWHM of the EIT feature and the EIT visibility (defined
as the difference of the maximum and minimum values
of the imaginary part of χ˜ divided by their sum).
The results of these numerical integrations are shown
in Fig. 5 along with the analytical result. Different colors
correspond to different values of the spin inhomogene-
ity, denoted by the horizontal dashed lines, and differ-
ent curves correspond to different inhomogeneous shapes
(analytical results for Lorentzian shapes are thick solid
lines). For the width, we see clearly the linear depen-
dence at large Ω, quadratic dependence as small Ω and
saturation at the value of the spin inhomogeneity at very
small Ω. Similarly for the visibility, we see a transition
from low transmission when width is saturated to high
transmission when the spin inhomogeneity is negligible
compared to the other quantities. Neither the linewidth
of the EIT nor the visibility depends on the shape of the
optical inhomogeneity. The only dependence suggested
by the numerical results is increased EIT transmission at
smaller Ω for spin inhomogeneous broadening that falls
off more quickly than Lorentzian. Thus, the replacement
of the homogeneous linewidth with its inhomogeneous
counterpart is thus a reasonable technique for consider-
ing EIT in a wide range of inhomogeneously broadened
ensembles.
VII. CONCLUSION
In conclusion, we have studied EIT in two differ-
ent inhomogeneously broadened rare-earth doped solids.
As opposed to ensembles of identical or near-identical
cold atoms (homogeneously broadened ensembles), most
solids exhibit large inhomogeneous broadening. As solid-
state systems become more common for quantum optics
and quantum information applications due to their lack
of motional dephasing, reduced experimental overhead,
and integratability into scalable photonic systems, it is
vital to explore and understand the impact of inhomoge-
neous broadening. Here we observe good agreement with
a theoretical treatment covering two orders of magni-
tude in the coupling Rabi frequency and inhomogeneous
linewidth. In addition, a simple theoretical treatment of
inhomogeneous broadening predicts EIT lineshapes sim-
ilar to those seen in homogeneously broadened systems,
with a direct replacement of the homogeneous linewidths
with their inhomogeneous counterparts. We further dis-
cuss the effect of the shape of the inhomogeneous profile
on the EIT properties, and see that the properties of
6(a)
(b)
FIG. 5. (a) EIT width vs Ω/σopt and (b) EIT visibility vs
Ω2/(σoptσspin) are both extracted from Eq. 4 and numeri-
cal integration over Gaussian and flat-topped inhomogeneous
profiles. In (a) different spin inhomogeneous widths are dis-
tinguished by color, and the values of σspin/σopt are denoted
with horizontal dashed lines and can be read off the vertical
axis. Different curves are nearly indistinguishable and cor-
respond to different spin and optical inhomogeneous shapes
showing the insensitivity to those shapes. In (b), the leftmost
results are integrated over flat-topped (dashed line) and Gaus-
sian (thin solid line) spin inhomogeneous shapes. The nearly
indistinguishable set of curves to the right are all Lorentzian
spin inhomogeneous broadening with different optical inho-
mogeneous shapes.
interest are largely insensitive to the shape. This work
provides important groundwork for implementing coher-
ent quantum optical processes in solids where inhomoge-
neous broadening often plays a major role, thus paving
the way to exploiting this class of materials for quantum
information applications.
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